Introduction {#s1}
============

It has become widely recognized that discrete inhibitory neuronal populations co-exist in the cerebral cortex and most likely contribute differentially to mold the neuronal network activity. Subtypes of interneurons possess distinct characteristics evident in typical firing patterns, peptide expression, axonal targets, or electrical coupling. These characteristics are well-correlated, implying that specific neuronal-types carry specific circuit functions (e.g., Kawaguchi and Kubota, [@B27]; Cauli et al., [@B5]; Gibson et al., [@B10a]). For example, fast-spiking (FS), parvalbumin-expressing (PV+), proximally targeting inhibitory neurons mediate feed-forward inhibition both in the hippocampus and somatosensory cortex (Kiss et al., [@B23]; Beierlein and Connors, [@B2a]), tightly control spike timing (Pouille and Scanziani, [@B38]), and promote gamma-band cortical oscillations (Sohal et al., [@B47]). On the other hand, activation of distally targeting, somatostatin-expressing (SOM+) interneurons elicits IPSPs of smaller amplitude and slower kinetics than proximally evoked IPSPs (e.g., Salin and Prince, [@B40]; Silberberg and Markram, [@B44]), and it has been proposed that these IPSPs modulate excitatory synaptic inputs locally. These neurons are recruited by high activity rates to mediate intracortical recurrent inhibition (Kapfer et al., [@B24]) or feed-forward thalamocortical inhibition at high activity rates (Tan et al., [@B50]). While intense research has been conducted to describe the cellular attributes of these interneurons subtypes, their specific roles in the network have remained largely ambiguous due to the difficulty to identify and selectively manipulate them. Optogenetics tools have already begun to reveal distinct effects of local inhibitory populations, but these techniques are not free of limitations (for review see Cardin, [@B4a]).

The neuronal isoform of the enzyme nitric oxide synthase (nNOS) is expressed in the neocortex by specific subsets of GABAergic neurons (Karagiannis et al., [@B25]; Kubota et al., [@B30]). To simplify available data, one subset comprised mostly SOM+, dendritic targeting interneurons (Lüth et al., [@B34]; Gonchar and Burkhalter, [@B16]; Vruwink et al., [@B57]). Their firing properties have been commonly termed "LTS" after their tendency to fire low threshold spikes (Kawaguchi, [@B26]), and are identified also by deep and complex AHPs (Beierlein et al., [@B3]). Another group is composed of some of the neuropeptide Y-expressing (NPY+) or PV+ cells with an adapting firing pattern, which amongst themselves also display high heterogeneity both in morphology as well as physiology (Karagiannis et al., [@B25]; Kubota et al., [@B30]). While it seems that these neuronal groups display overlap in several features, two distinct morphological features appear among the nNOS+ neurons: Neurogliaform neurons which display a dense local axonal arborization (e.g., Uematsu et al., [@B54]; Karagiannis et al., [@B25]), and in contrast---long-range projecting GABAergic interneurons, (e.g., Lüth et al., [@B34]; Gonchar and Burkhalter, [@B16]; Vruwink et al., [@B57]). Additional classification scheme divided nNOS-expressing (NOS+) interneurons to type I, characterized by large somata and strong nNOS or NADPH-diaphorase (NADPH-d) reactivity, and type II, characterized by small somata and weaker nNOS/NADPH-d staining (Lee and Jeon, [@B32]; Kubota et al., [@B30]).

In a previous study (Buskila et al., [@B4]) we identified NO-producing neurons in acute cortical slices by using the fluorescent NO indicator diaminofluorescein-2 diacetate (DAF-2DA, Kojima et al., [@B29]). We found that this indicator indeed stains non-pyramidal neurons in cortical slices with bright puncta which delineate some somata, but are also sparsely scattered in the neuropil. (Buskila et al., [@B4], Figure [1A](#F1){ref-type="fig"}). Interestingly, these DAF-positive neurons appeared shrunken under IR/DIC optics and attempts to patch them were not successful, while other non-fluorescent neurons in the visual field were easily patched and displayed normal physiology. Moreover, propidium iodide, an indicator for cell death, was co-localized with the vast majority of DAF-positive neurons (Buskila et al., [@B4]). We, therefore, used DAF-2DA to induce selective phototoxic damage to NO-producing interneurons in cortical slices, and explored the cellular and network effects of this manipulation. We find that selective damage to this population results in mild disinhibition of the entire cortical network which is especially pronounced at horizontal distances of 300--400 μm from the center of activation, and in severe alterations of the spatio-temporal activity dynamics during repetitive stimulation.

![**The experimental methods used to evaluate the role of nNOS+ neurons. (A)** DAF-2DA staining of neurons in acute slices, as visualized under the 40× objective (details in Buskila et al., [@B4]). Suspected neuronal somata are surrounded by dashed circle. **(B)** The illustration depicts the experimental paradigm. An acute slice which had been incubated in DAF-2DA is illuminated through the 4× objective (Methods, area displayed in bright light). The stimulating electrode (filled arrow) is placed above the white matter. For LFP recordings, four pairs of micropipettes (numbered open arrows) are placed in layer 2/3, where electrode \#1 is in column with the stimulating electrode. Cortical lamina is marked by roman numerals.](fncir-06-00003-g0001){#F1}

Materials and methods {#s2}
=====================

Slice preparation and phototoxicity induction
---------------------------------------------

All experiments were carried out in compliance with the ethical guidelines of the NIH Guide for the Care and Use of Laboratory Animals to minimize the number of animals used and their suffering. The Animal Care Committee of Ben-Gurion University approved all procedures. Experiments were carried on mice (CD1, 14--21 days old). The mice were deeply anesthetized with pentobarbital, decapitated, and their brains quickly removed into cold (4°C) physiological solution. Thalamocortical brain slices (350 μm thick) were cut with a vibratome (Campden Instruments, London, UK) and kept in a holding chamber at room temperature for at least 1 h before any manipulation, continuously bubbled by 95% O~2~--5% CO~2~. The bathing solution in all experiments contained (in mM): 124 NaCl, 3 KCl, 2 MgSO~4~, 1.25 NaHPO~4~, 2 CaCl~2~, 26 NaHCO~3~, and 10 dextrose, and was saturated with 95% O~2~--5% CO~2~ (pH 7.4). The temperature was kept at 34°C and slices were continuously perfused. For phototoxicity induction, slices were incubated in diaminofluorescein-2 diacetate (DAF-2DA, 2 μm, Calbiochem, La Jolla, CA) for 10 min before they were transferred to the recording chamber, mounted on an upright microscope equipped with infrared/differential interference contrast (IR/DIC) optics (Nikon Physiostation EC-600, Tokyo, Japan). Illumination was performed using a light source (100 W mercury lamp) via a Nikon filter (excitation wavelength 450--490 nm, emission wavelength 520 nm), using either a 60× fluid immersion objective (for cellular recordings) or 4× objective (for area phototoxicity). Imaging was done using a black and white CCD camera with integrating frame grabber control unit (CCD-300IFG, Dage-MTI, USA), integrating 16 frames for each image. Several DAF-2DA-positive neurons could be identified in almost each visual field by punctate fluorescent staining (Figure [1A](#F1){ref-type="fig"}, Buskila et al., [@B4]). Area phototoxicity was induced by exposing the slices to light in the above wave length for a period of 5 min. The light-exposed field had a diameter of about 5 mm (Figure [1B](#F1){ref-type="fig"}), thus we estimate that most of the barrel cortex in the slice was affected.

Electrophysiology
-----------------

Whole-cell recordings were performed in layer 5 of the somatosensory cortex using patch pipettes (3--5 MΩ), containing (in mM): 125 *K*-gluconate, 2 MgCl~2~, 10 Hepes, 10 EGTA, 5 NaCl, and 2Na~2~ATP. Extracellular stimulations (200 μs, 10--200 μA) were delivered through an AMPI isolation unit (Jerusalem, Israel) using a bipolar concentric microelectrode (Micro Probe Inc.) placed ∼300 μm lateral to the recording electrode to stimulate intracortical axons.

For extracellular recordings, the slices were transferred to a chamber that held the slices at the fluid-gas interface. In some experiments the GABA~A~ receptor blocker picrotoxin (PTX, 3--8 μM, Sigma-Aldrich) was included in the perfusing solution. Local field potentials (LFPs) were recorded in layer 2/3 of the somatosensory cortex using four pairs of sharpened tungsten electrodes (Micro Probe Inc., 1--2 MΩ). The electrodes in each pair were spaced 100 μm apart and the distance between pairs was 200 μm. Stimulation was delivered vertically under the first electrode of the array and right above the white matter (Figure [1B](#F1){ref-type="fig"}).

NADPH-diaphorase histochemistry
-------------------------------

At the end of recording session, slices were fixed overnight in a solution of paraformaldehyde at 4% in 0.1 M phosphate buffer (pH 7.4), then transferred to a solution of 30% sucrose for cryoprotection, and re-sectioned to 100 μm. NADPH-d histochemistry was conducted according to standard procedures. Briefly, free-floating sections were incubated in a solution containing 1 mM reduced β-NADPH (Sigma-Aldrich, Israel), 0.2 mM nitro blue tetrazolium (Sigma-Aldrich, Israel), 0.1 M phosphate buffer, 0.1% Tween (Sigma-Aldrich, Israel) at 37°C for 3--4 h. The reaction was visually controlled and stopped by washing the sections with phosphate buffered saline at pH 7.4. The sections were then mounted on slides, air-dried, and cover-slipped. Under light microscopy, NADPH-d-positive neurons and blood vessels were identifiable by the presence of dark blue staining.

Statistical analysis
--------------------

Statistical analysis was performed using SPSS software. We either used the analysis of variance (ANOVA) test for multiple comparisons, or the Wilcoxon test for paired data, unless noted otherwise. Results are reported as mean ± S.E.M.

Results {#s3}
=======

No-producing interneurons are selectively damaged
-------------------------------------------------

Our previous findings implied that neurons which exhibited DAF staining, hence NOS positive, were damaged by the light (Buskila et al., [@B4]). These neurons were expected to be a subset of inhibitory neurons, with non-FS firing properties. We wanted to make use of this finding to selectively eliminate this group, but initially we ascertained the specificity of the phototoxicity.

NADPH-d histochemistry provides a specific histochemical marker for neurons producing nitric oxide (NO) (Hope et al., [@B22]; Vincent and Kimura, [@B56]), thus we examined the effect of treatment with DAF-2DA (2 μM, 10 min incubation) and area illumination (5 min through the 4× objective) on the histochemical reaction. Untreated slices displayed a typical image of multiple darkly stained neurons scattered in the neocortex (Figure [2A](#F2){ref-type="fig"}). Higher magnification revealed a dense network of stained axons, passing in all directions (Figure [2A](#F2){ref-type="fig"}, inset). In contrast, no stained neurons were found in the neocortex in slices which had been incubated in DAF-2DA and illuminated, while such neurons appeared in the striatum and midbrain structures of the same slices, distant from the illuminated zone. Interestingly, blood vessels were clearly noted in the neocortex of those same slices following long incubation periods, but not neurons (Figure [2B](#F2){ref-type="fig"}, arrows), suggesting that the weak NADPH-d reactivity of NOS-expressing endothelial cells (e.g., Felaco et al., [@B10]) was less disturbed by the process. Taken together, the findings confirmed the damage to NOS-expressing neurons in the illuminated zone.

![**NADPH-d staining is reduced following DAF-2DA incubation and illumination. (A)** Control, untreated sections display multiple darkly stained neurons. In the inset, additional magnification highlighting the network of stained axons (arrows). **(B**) Neocortical section which had been treated by DAF-2DA and illumination. The histochemical reaction has been extended for several hours. No neurons are seen, but note darkly stained capillaries.](fncir-06-00003-g0002){#F2}

To further ascertain the selectivity of the damage, we also examined directly the electrophysiological response of DAF-incubated neurons to illumination. Since fluorescent neurons could not be accessed (see above), we patched neurons in layer 5 of the somatosensory cortex in slices which had been incubated in DAF-2DA before opening the fluorescent light shutter. The passive membrane properties were monitored by analyzing voltage deflections to short hyperpolarizing current pulses delivered at 1--3 Hz, before, during, and following illumination. Pyramidal neurons were initially differentiated from interneurons by the shape of their somata and proximal dendrites under IR/DIC optics. Recorded pyramidal neurons (*n* = 30) displayed either regular-spiking (RS) or intrinsically bursting firing patterns (Chagnac-Amitai et al., [@B7]). Their passive membrane properties remained unchanged throughout the illumination period and afterwards, as long as they were recorded (Table [1](#T1){ref-type="table"} and Figure [3A](#F3){ref-type="fig"}). Similarly, inhibitory FS interneurons, identified by their typical firing pattern (Golomb et al., [@B14], *n* = 6) were not affected by the illumination process (Figure [3B](#F3){ref-type="fig"} and Table [1](#T1){ref-type="table"}). Notably, none of the pyramidal or FS neurons exhibited a fluorescent response. We also recorded eight neurons which displayed elongated somata and were oriented in the vertical axis as observed under IR/DIC optics. These neurons exhibited a firing pattern which was not FS, but rather compatible with adapting or non-adapting LTS patterns (Gibson et al., [@B10a]; Beierlein et al., [@B3]; Ma et al., [@B35]). Out of these, four neurons displayed fluorescence upon illumination (Figure [3D](#F3){ref-type="fig"}). These fluorescent neurons rapidly depolarized, fired few spikes and the recording was abruptly lost, typically within the duration of illumination (Figure [3C](#F3){ref-type="fig"}, right panel). The additional neurons did not fluoresce and a stable recording was held well after the illumination period while their membrane properties remained unchanged (data not shown). Taken together, these results verify our previous data which implied that DAF-2DA fluorescence is toxic to NO-producing neurons.

###### 

**Membrane properties of pyramidal neurons and FS interneurons in DAF-treated slices were not altered by the fluorescent light**.

                         ***V*~m~ (mV)**   ***R*~in~ (MΩ)**   **τ (ms)**    ***V*~m~ (mV)**   ***R*~in~ (MΩ)**   **τ (ms)**
  ---------------------- ----------------- ------------------ ------------- ----------------- ------------------ -------------
  Pyramidal (*n* = 30)   −68.4 ± 0.8       218.6 ± 19.6       20.6 ± 1.9    −68.0 ± 0.9       205.1 ± 17.6       19.1 ± 1.6
  FS (*n* = 6)           −67.2 ± 1.6       99.2 ± 13.5        13.16 ± 4.6   −64.9 ± 2.6       107.1 ± 17.1       13.14 ± 3.7

*Measurements were taken before opening the fluorescent light shutter and 2 min after the termination of a 5 min illumination period. V*~m~*, resting membrane potential; R*~in~*, input resistance; τ, the membrane time-constant. Note the stability of parameters throughout the manipulation.*

![**DAF phototoxicity is selective to interneurons with LTS firing pattern.** Layer 5 neurons were recorded in slices pre-incubated in DAF-2DA (2 μM, 10 min). **(A)** The left panel displays typical firing pattern of a pyramidal RS neuron in response to depolarizing current pulse. The resting potential is marked to the left. On the right---the recorded trace before opening the fluorescent shutter (arrow), during illumination (dotted line) and afterwards. A hyperpolarizing current pulse monitored the membrane resistance, and examples from time points "a" and "b" are displayed above. **(B)** Example traces of the response of a FS-type interneuron to light. Details as in **(A)**. **(C)** Example traces of the response of a LTS-type interneuron to light. Note on the right panel the appearance of instability of the membrane potential and a reduction of membrane resistance shortly after opening the shutter (closed arrow), and loss of the membrane potential shortly before the end of illumination (open arrow). **(D)** Images of the neuron in **(C)**. On the left is an IR/DIC image of the patched neuron. An arrow points to the tip of the recording pipette. The middle image shows the same field under fluorescent light, showing faint staining in the recorded neuron. On the right is a combined image.](fncir-06-00003-g0003){#F3}

Increased network excitability following selective loss of NOS+ interneurons
----------------------------------------------------------------------------

To damage NO-producing interneurons selectively in a large cortical area, we exposed DAF-incubated slices to light for 5 min through the 4× objective, and investigated the effect of this manipulation on properties of the population activity. Initially, we tested whether the balance between excitation and inhibition in the network has been altered. As expected, the stimulus---response curve of LFPs in DAF-treated slices was steeper compared with untreated slices (Figure [4A](#F4){ref-type="fig"}, slope values -- control: 0.17 ± 0.02, *n* = 9; treated: 0.27 ± 0.04, *n* = 9; *p* = 0.02 student *t*-test), indicating increased network excitability. When inhibition efficacy in cortical slices is sufficiently reduced, it is possible to evoke synchronized "epileptic" population events, which appear in an all-or-none manner to threshold stimulus intensity, their latency from the stimulation is highly variable, and they can propagate horizontally along the slices without decrement (Figure [4B](#F4){ref-type="fig"}, Chagnac-Amitai and Connors, [@B6]; Shlosberg et al., [@B43]). Such synchronized population events did not appear spontaneously and could not be evoked in DAF-treated slices. We thus applied gradually increasing concentrations of the GABA~A~ receptor blocker picrotoxin (PTX) to the perfusing solution (adding 1 μM every 30 min), noting the minimal concentration required to elicit such synchronized events as an indication of the degree of disruption in the balance between excitation and inhibition. Indeed, DAF-treated slices (*n* = 11) required significantly lower doses of PTX to achieve the pharmacological threshold to epileptic events as compared with untreated slices (*n* = 9), slices that were treated with DAF-2DA alone (*n* = 9), or slices treated with light alone (*n* = 10) (*p* \< 0.0001, ANOVA, Figure [4C](#F4){ref-type="fig"}), thus confirming that the manipulation (incubation in DAF-2DA followed by illumination) reduced the inhibition in the network.

![**DAF-treated slices are disinhibited.** The treatment consisted of 10 min incubation in a solution containing 2 μM DAF-2DA, and 5 min fluorescent illumination through the 4× objective. **(A)** A plot of the average LFP amplitude against the normalized stimulus intensity demonstrates steeper slope for DAF-treated slice (*n* = 9) compared with control slices (*n* = 9). **(B)** An example of three consecutive traces of synchronized epileptic activity recorded at a single point in DAF-treated slice, when inhibition was further reduced by PTX (5 μM), demonstrating a failure and two synchronized events of variable latency (shades of gray). **(C)** Threshold concentrations of PTX required for eliciting epileptic activity as in **(B)**, under different conditions (control -- *n* = 9; DAF-2DA -- *n* = 9; light -- *n* = 10; DAF-2DA + light -- *n* = 11). Note significantly reduced dose in slices which have been treated with DAF and illumination. **(D)** The propagation velocity of epileptic discharge at suprathreshold concentrations of PTX is higher in DAF-pretreated slices (*n* = 12) compared with non-treated slices (*n* = 13), reflecting pre-existing disinhibition.](fncir-06-00003-g0004){#F4}

Finally, it has been shown both theoretically and experimentally that the propagation velocity of epileptic discharges is dictated by the relative strength of cortical inhibition present (Golomb and Ermentrout, [@B15]; Shlosberg et al., [@B43]; Trevelyan et al., [@B53]). Once epileptic events were elicited in the slices by applying a suprathreshold dose of PTX (7--8 μM), we measured their propagation velocity across a horizontal distance of 1 mm. DAF-treated slices displayed significantly higher propagation velocity than untreated slices (treated −9.2 ± 1 cm/s, *n* = 12; control −4.6 ± 0.9 cm/s, *n* = 13, *p* \< 0.02, Figure [4D](#F4){ref-type="fig"}). Taken together, these results ascertain that the procedure of DAF-2DA incubation followed by illumination, shown above to damage NO-producing interneurons, resulted in a significant increase of network excitability, but not sufficiently to instigate synchronized activity.

Modulation of synaptic potentials following loss of NOS+ neurons
----------------------------------------------------------------

A notable subset of the cortical NO-producing interneurons are dendritic--targeting (e.g., Valtschanoff et al., [@B55]; Lüth et al., [@B34]; Seress et al., [@B41]), hence their influence is expected to be electrotonically distant from the somatic integration zone. We explored the effect of the assumed removal of dendritic inhibition on the properties of compound synaptic potentials evoked on pyramidal neurons by activating intracortical pathways and recording PSPs before and after area illumination as above. As already noted, the membrane properties of pyramidal neurons were not altered by the illumination. The reversal potential of the synaptic events (*E*~rev~) shifted to more positive values in four neurons, and did not change in two others. Overall, there was a significant adjustment in the average reversal potential of these events (*E*~rev\ control~ −28.6 ± 7.4 mV; *E*~rev\ treated~ −14.2 ± 9.2 mV, *p* = 0.02, *n* = 6, Figure [5A](#F5){ref-type="fig"}), indicating that some inhibition has been removed. In accordance, the change in *E*~rev~ was accompanied by a reduction in the conductance slope of these synaptic events (Figure [5A](#F5){ref-type="fig"}). Assessing the shape parameter of synaptic potentials, there was no significant change in the rising slope, but we found elongation of about 17% in the PSPs decay time-constant (τ~s~) (τ~s\ control~ 24.1 ± 2.7 ms; τ~s\ treated~ 28.7 ± 2.8 ms, *p* = 0.018, *n* = 8, Figure [5B](#F5){ref-type="fig"}). This finding is compatible with an increased resistance at the background of these synaptic events. Since the membrane input resistance was not altered by the illumination, we concluded that other conductances, evoked during the synaptic events, have been subtracted. In addition, a small but significant decrease in the synaptic delay appeared after the illumination (4.1 ± 0.33 ms before and 3.8 ± 0.35 ms after, *p* = 0.012, *n* = 8, Figure [5C](#F5){ref-type="fig"}), likely to reflect a reduction in the time required for the synaptic current to travel along the apical dendrites (Agmon-Snir and Segev, [@B1]). Altogether, the results reveal multipart modulation of excitatory synaptic integration by the removal of the inhibition mediated by NOS+ neurons.

![**Damage to NOS+ interneurons affects synaptic integration in pyramidal neurons.** PSPs evoked on layer 5 pyramidal neurons before 2 min illumination and afterwards are compared. **(A)** Plot of the relationship between PSP amplitude and the membrane potential in a single neuron displays a change both in the reversal potential and slope conductance following illumination (upper panel). The bottom panel displays a summary diagram of these parameters for the population (*n* = 6). **(B)** Example traces of EPSPs before and after illumination, demonstrating an elongation of the decay time (upper panel). The bottom panel displays the summary diagram of the change in the decay time constant (*n* = 8). **(C)** Example traces of EPSPs before and after illumination, demonstrating a decrease in the delay. Arrows point to the deflection points (upper panel). The bottom panel displays a summary diagram of the change in the dendritic delay (*n* = 8). For all panels, recording under control conditions are represented by black bars; recordings following illumination are represented by gray bars.](fncir-06-00003-g0005){#F5}

Loss of NOS+ interneurons produces spatiotemporal alterations of network activity
---------------------------------------------------------------------------------

In the neocortex, the horizontal spread of activity from a center of activation to neighboring regions is powerfully constrained by inhibition (Chagnac-Amitai and Connors, [@B6]). At least some NOS+ interneurons possess especially long intra-cortical or even projecting axonal arbors (Wang et al., [@B58]; Higo et al., [@B20]; Tamamaki and Tomioka, [@B48]), thus we conjectured that they convey lateral, inter-columnar inhibition. To test this possibility, we placed multiple extracellular microelectrodes in supragranular laminae to monitor the spread of activity by recordings LFPs at horizontal distances up to 1000 μm. When stimulating above the white matter, a typical sharp and negative LFP was recorded by the electrode positioned vertically in line (position 0, Figure [6A](#F6){ref-type="fig"}). The amplitude of LFPs decreased horizontally, reaching around 10% of its maximal amplitude at 1000 μm. The latency difference between LFPs at position 0 and at 1000 μm laterally was around 3 ms (Figure [6B](#F6){ref-type="fig"}). Such a time delay is likely to be contributed mostly by the conductance of the horizontal intracortical excitatory axons (Shlosberg et al., [@B42]), and not by polysynaptic connections as synchronized population waves of activity propagate (Figure [4D](#F4){ref-type="fig"}, Golomb and Amitai, [@B13]). In DAF-treated slices, LFPs at 1000 μm reached around 20% of their maximal amplitude. Furthermore, the horizontal decay pattern differed from control slices mainly due to a significant increase in the LFPs\' relative amplitude at distances of 300--400 μm (Figure [6C](#F6){ref-type="fig"}), indicating that this region was particularly disinhibited. We then asked whether this finding was specific to the loss of NOS+ interneurons, or was a general feature of cortical disinhibition. We bathed the slices in low concentrations of PTX which resulted in a similar distance of activity spread, and were sub-threshold for the induction of synchronized events (3--5 μM). This dose of PTX resulted in a slightly reduced decay of LFPs horizontally compared with control slices, but the relative enhancement of activity at a distance of 300--400 μm was not observed (Figure [6C](#F6){ref-type="fig"}).

![**The horizontal pattern of activity spread is affected by damage to NOS+ interneurons. (A)** Example traces of simultaneously recorded LFPs at the distances as marked above, in control slice and in DAF-treated slice. **(B)** Example traces from simultaneous recordings of LFPs at three distances from the center of activation (marked by the traces, in μm). Arrows mark the deflection point from baseline. Note the short delay of around 3 ms for a distance of 1000 μm. **(C)** A summary diagram of the LFPs amplitude with distance, normalized to the amplitude above the stimulating electrode (distance 0), for control slices (*n* = 16), DAF-treated slices (*n* = 13), and PTX-treated slices (*n* = 10). Note a significant difference between control and DAF-treated slices at the distances of 300 μm (*p* = 0.008), and 400 μm (*p* = 0.02). The inset displayed the data distribution for the 300 μm point.](fncir-06-00003-g0006){#F6}

Inhibitory interneurons exhibit highly variable short-term dynamics of their synaptic activation. For example, among NOS+ interneurons, the subset of SOM+ cells are activated by pyramidal cells via uniquely facilitating synapses, such that they are strongly recruited at higher frequencies (Beierlein et al., [@B3]; Markram et al., [@B36]; Tan et al., [@B50]). We, therefore, hypothesized that when a single type of interneuron such as NOS+/SOM+ cells is selectively damaged, repetitive stimulation will result in even stronger alteration of the lateral activity spread pattern. Following the same recording scheme as before, we now applied six consecutive stimuli at 40 Hz and compared the spatio-temporal characteristics of activity between control and DAF-treated slices. Under control conditions, LFP frequency-dependent depression was monotonically reduced with distance (Figure [7A](#F7){ref-type="fig"}) while this order was interrupted in DAF-treated slices (Figure [7B](#F7){ref-type="fig"}). We next plotted the voltage attenuation as the ratio between the 6th and the 1st LFP amplitudes in the stimulus train (V6/V1) against the distance along the horizontal axis of the slice. Whereas untreated slices exhibited a highly linear correlation between the voltage attenuation ratio and the horizontal distance, this correlation was completely disrupted in DAF-treated slices (Figure [7C](#F7){ref-type="fig"}). The degree of activity depression at a given location may be correlated with the amplitude of the first LFP in the train, as higher amplitudes reflect higher activity levels of the network, and thus may engage stronger inhibition locally. We thus plotted V6/V1 against the amplitude of the first LFP (V1) at each recording site. Indeed, in control slices, the ratio V6/V1 was linearly correlated with V1 (Figure [7D](#F7){ref-type="fig"}). However, this relationship was not maintained in DAF-treated slices, implying that network recruitment with distance has been altered by the manipulation.

![**The spatio-temporal dynamics of the network activity are disrupted in DAF-treated slices.** A train of six stimuli at 40 Hz was delivered under the first electrode, and LFPs were recorded in layer 2/3 at six horizontal distances (color-coded as marked). **(A)** LFP depression with frequency is displayed for the six distance points in control slices. Each line displays an average of 10 slices (error bars omitted for clarity). **(B)** LFP depression with frequency is displayed for six distance points in DAF-treated slices. Each line displays an average of 11 slices. **(C)** For the same slices as in **A** and **B**, the ratio between the 6th and the 1st LFPs\' amplitude is plotted as a function of the distance for control (black circles) and DAF-treated (gray squares) slices. Linear regression lines are plotted for each data set, and the adjusted *R*-square value is marked to the side. **(D)** The same ratio as in **(C)** is plotted as a function of the average amplitude of 1st LFP in the train, Linear regression line is plotted for the control data set. Data points in **(C)** and **(D)** display averages ± SEM.](fncir-06-00003-g0007){#F7}

Discussion {#s4}
==========

In this study we selectively damaged a population of NO-producing interneurons in cortical slices. This manipulation resulted in: (1) elongation of the decay time-constant and reduced dendritic delay of compound PSPs evoked on pyramidal neurons, (2) disinhibition of the network which was especially pronounced at horizontal distances of 300--400 μm from the center of activation, and (3) alterations of the spatio-temporal activity dynamics during repetitive stimulation. Together, our findings demonstrate directly, for the first time, a specific role for NOS+ interneurons in communicating significant lateral inhibition, and shaping the horizontal spread of activity.

The identity of DAF-positive neurons
------------------------------------

The morphological identity of DAF-positive neurons was not established directly in this study due to technical difficulties. The few neurons that fluoresced during recording (Figures [3C,D](#F3){ref-type="fig"}) most likely belong to the NOS type I subgroup given their relatively large soma size. Yet, in the lack of direct morphological identification we have to rely on other studies. In the neocortex, nNOS is expressed exclusively by GABAergic neurons, and among them in several specific subpopulations with different expression levels (Kubota et al., [@B30]). Unsupervised clustering of cortical interneurons based on molecular, morphological, and electrophysiological parameters reveals two major groups (Karagiannis et al., [@B25]): the first one is relatively homogenous and consists of the FS, PV-expressing interneurons which do not expresses nNOS. Our finding which showed that FS neurons did not exhibit DAF-2DA fluorescence and maintained stable passive membrane properties under illumination is in agreement with these data. The second major cluster according to Karagiannis et al. ([@B25]) exhibits considerable molecular diversity. Among neurons of this second non-fast-spiking cluster, nNOS was co-localized with some of the SOM− and NPY-expressing neurons.

Morphologically, SOM+ neurons have been largely characterized by long axonal projections targeting distal dendrites as well as the pyramidal apical tuft. A study examining synaptic target patterns of unidentified NOS+ neurons confirmed that they target dendritic segments of principal excitatory neurons (Seress et al., [@B41]). Another morphologically distinct subtype of NOS+ neurons has been associated with "neurogliaform" neurons. The extensive network of axons as revealed by the NADPH-d staining is indeed quite reminiscent of the axonal network of neurogliaform neurons. Interestingly, this type of interneurons is thought to deliver non-synaptic volume inhibition, devoid of any spatial selectivity (Oláh et al., [@B37]). Hence, we suggest that the more specific spatial alterations in the network behavior following damage to NOS+ interneurons, i.e., reduction of lateral inhibition, is mainly due to damage to the SOM+, dendritic targeting interneurons. NOS+ neurons indeed comprise a prevailing portion of interneurons with long axonal projections. The literature is very consistent and compelling in showing that NOS is expressed by a clear subset of SOM+ interneurons with relatively long axons in all species examined (monkey---Smiley et al., [@B46]; Tomioka and Rockland, [@B52]; cat---Higo et al., [@B20]; rat---Gonchar and Burkhalter, [@B16]; Vruwink et al., [@B57]).

Although NADPH-d staining was greatly diminished in treated slices, we cannot rule out that some NOS+ neurons remained. One of the reasons would be incomplete penetrance of the light to the depth of the 350 μm thick slices. DAF fluorescence was visible in the superficial 80--100 μm of the slices. Therefore, the physiological changes we documented are likely to reflect damage inflicted to some fraction of NOS+/SOM+ neurons. Interestingly, in several models of epilepsy, a selective loss of inhibitory SOM+ interneurons has been demonstrated (Sloviter, [@B45]; Robbins et al., [@B39]; Cossart et al., [@B9]). We speculate that the ability to produce NO renders these interneurons more vulnerable under conditions of high metabolic demands (Almeida et al., [@B2]), thus exacerbating the propensity to develop seizures.

Cellular effects of NOS+ interneurons
-------------------------------------

NOS+/SOM+ interneurons are expected to target the distal dendritic branches. While several powerful mechanisms combine to amplify distal excitatory inputs, there are only a few recognized mechanisms that can support dendritic propagation of IPSPs (e.g., Williams and Stuart, [@B59]). Therefore, most theories regarding the role of distal dendritic inhibition maintain that it affects dendritic processing locally. By recording compound synaptic events on pyramidal neurons we unraveled several means by which NOS+ interneurons might be affecting the summed activity. The increase in the EPSPs time constant can evolve directly from the removal of slow IPSPs, or from a secondary decrease in the activation of the hyperpolarization-activated cation channels (Ih), which are abundant in the distal dendrites of pyramidal cells (Gulledge et al., [@B18]). In both cases, the effect is elongation of the integration time window of neurons, allowing for stronger excitatory summation. Another interesting finding is the shortening of the dendritic delay. Cable theory suggests that the dendritic conduction velocity at a given point is equal to the ratio between the space constant and the time constant (Agmon-Snir and Segev, [@B1]). Given the increase in the time constant alone one would predict a reduction in the dendritic conduction velocity. On the other hand, the removal of dendritic inhibition is likely to enhance active conductances in the distal segments (Larkum et al., [@B31]; London and Hausser, [@B33]), thus enhancing the velocity of distal PSP\'s in their propagation toward the soma. Taken together these data imply that the damage inflicted to NOS+ neurons alters the overall integration properties of pyramidal neurons.

Spatiotemporal effect of NOS+ interneurons
------------------------------------------

Studies of cortical network activity have paid little attention to the horizontal, non-epileptic, spread of activity. It has been demonstrated that GABAergic inhibition controls the horizontal (tangential) spread of activity via intracortical connections (Chagnac-Amitai and Connors, [@B6]), but little is known about specific roles of interneurons subtypes in the spatial shaping of network activity. The short delay between the LFPs recorded at the column of stimulation and 1 mm away (around 3 ms) indicates that activity spread is mediated mostly by intracortical horizontal axons (Shlosberg et al., [@B42]). Such axons are well-documented, and indeed, monosynaptic horizontal EPSPs can be recorded in cortical slices up to distances of 1--3 mm (e.g., Hirsch and Gilbert, [@B21]; Telfeian and Connors, [@B51]). In our experimental setup, some detectable LFP remained 1 mm lateral to the stimulated column in control slices, and at slightly longer distances in disinhibited slices. However, the main difference between DAF-treated slices and controls appeared at horizontal distances of 300--400 μm. The size of a barrel column in the mouse somatosensory cortex is around 200 μm. Previous studies reveal specific interneurons in the barrel cortex with long horizontal axonal projections, expected to provide lateral inhibition (Kisvárday and Eysel, [@B28]; Helmstaedter et al., [@B19]). Our data strongly imply that NOS+ neurons provide such inhibition to neighboring columns. This role is in accordance with the anatomy of these neurons, which demonstrate that SOM+/NOS+ neurons have especially long axonal branches crossing columnar boundaries (e.g., Wang et al., [@B58]; Higo et al., [@B20]).

Excitatory transmission onto SOM+ interneurons is strongly facilitating, such that these interneurons are recruited by high activity rates (Beierlein et al., [@B3]; Markram et al., [@B36]; Silberberg and Markram, [@B44]; Tan et al., [@B50]). Given this information, we expected that selective damage to SOM+/NOS+ interneurons will result in reduced horizontal decay with repetitive stimulation, but the results do not support this simplistic hypothesis. We suggest that complex synaptic interactions between SOM+ interneurons and other neuronal types (Gibson et al., [@B10a]) serve to compensate for their selective loss. Another surprising finding is the linear relationship between short-term depression of activity with repeated stimulation and the distance, or the local initial amplitude of the LFP, and the disruption of this relationship in DAF-treated slices. Frequency-dependent activity depression can be caused by the synaptic dynamics (both excitatory and inhibitory), and by the local recruitment of inhibitory neurons. The horizontal excitatory connection themselves demonstrate periodic variability in density (Chervin et al., [@B8]; Gilbert, [@B12]). Remarkably, all these parameters even-out in the control situation to yield a smooth reduction of frequency-dependent depression with distance and amplitude. We reason that once a subpopulation of interneurons is damaged, other cells in the network modify their activity rates, but the orderly architecture of network engagement is lost. Other means to selectively damage additional types of interneurons in the cortex will be needed to decipher their specific roles in controlling the spatial attributes of activity.
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